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bstract
Induction motors have been intensively utilized in industrial applications, mainly due to their efficiency and reliability. It is
ecessary that these machines work all the time with its high performance and reliability. So it is necessary to monitor, detect and
iagnose different faults that these motors are facing. In this paper an intelligent fault detection and diagnosis for different faults of
nduction motor drive system is introduced. The stator currents and the time are introduced as inputs to the proposed fuzzy detection
nd diagnosis system. The direct torque control technique (DTC) is adopted as a suitable control technique in the drive system
specially, in traction applications, such as Electric Vehicles and Sub-Way Metro that used such a machine. An intelligent modeling
echnique is adopted as an identifier for different faults; the proposed model introduces the time as an important factor or variable
hat plays an important role either in fault detection or in decision making for suitable corrective action according to the type of the
ault. Experimental results have been obtained to verify the efficiency of the proposed intelligent detector and identifier; a matching
etween the simulated and experimental results has been noticed.
 2015 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
eywords: Fuzzy logic; Direct torque control (DTC); Matlab/Simulink; Motor condition (MC); Type of fault (TF)
.  Introduction
Induction motors are used worldwide as the “workhorse” in industrial applications. Although, these electrome-
hanical devices are highly reliable, they are susceptible to many types of faults. Such faults can become destructive,
armful and cause production shutdowns, and personal injuries. So it is important that these faults are detected as early
s possible in order to prevent the complete failure of the machine and also to prevent unexpected production costs
Thorsen and Dalva, 1999).
The effects of such faults in induction motors include unbalanced stator voltages and currents, torque oscillations,
fficiency reduction, overheating, excessive vibration, and torque reduction (Sivakotaiah, 2009). An accurate fault
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detection system exhibits high rates and low false alarm rates; if the detection capability of a fault detection system is
poor, then it is likely to miss developing faults which may lead to critical machine failures and breakdown of entire
systems. Whereas, if the fault detection system is too sensitive then it is likely to generate high rates of false alarms
and may lead to a wrong decision being made. So the measured phase’s stator currents and time are considered as
inputs for fuzzy logic system to investigate the balance detection between fault detection system as either poor or too
sensitive.
2.  Induction  motor  drive  system  modeling
The idea of using direct torque control method is based on comparing the measured stator flux and torque with the
theoretically desired bands. Advantages of DTC are simple structure, no coordinate transformation, no separate voltage
modulation block, no current control loops, and very good flux and torque dynamic performance but the disadvantages
are variable switching frequency, low speed operation and high torque ripples. The analysis of the induction motor in
the proposed system by using Maltab/Simulink is shown in Fig. 1.
The parameters of the three phase induction motor model are obtained by running the m-file and all the values of
the parameters can be accessed by the model from the workspace.
2.1.  Sub  models
Sub models and equations governing the subsystem of induction motor:
2.1.1. Torque  and  ﬂux  estimation
The direct, quadrature axis flux linkage and torque are calculated as follows (Ansari and Deshpande, 2010):
Fd =
∫
(Vd −  RsId)dt  (1)
Fq =
∫
(Vq −  RsIq)dt (2)
F =
√
(Fd2 +  Fq2)∠tan−1
(
Fq
Fd
)
(3)
Te = 32p(Fdsiqs −  Fqsids) (4)
A classical DTC scheme has two hysteresis comparators, one for the stator flux linkage and the second for the
torque. A typical scheme is shown in Fig. 2 (Abdul Wahab and Sanusi, 2008). The instantaneous error for the stator
flux linkage hf thus has two possible values (1 and 0); whereas the instantaneous torque error is hTe thus has three
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ossible values (0, −1 and 1). The errors hf and hTe, together with the section number containing the stator flux vector
erve as input for a switching table. The output of the switching table is one of the eight possible voltage vectors. Each
lock as shown in figure is explained in detail in the following sections.
.1.2. Space  vector
If the voltage vector is shifted (lag or lead) with respect to the stator flux vector by an angle which is not more than
0◦, this causes the flux to increase and vice versa. The developed torque is then directly controlled by selecting the
nverter situation in order to boost the stator flux up or buck it down:
Va = Vdc3 (2Sa −  Sb −  Sc) (5)
Vb = Vdc3 (−Sa +  2Sb −  Sc) (6)
Vc = Vdc3 (−Sa −  Sb +  2Sc) (7)
.1.3.  Hysteresis  controller  for  torque  and  ﬂux
The reference torque and flux are compared to their respective estimated values. The errors are then processed
hrough the two hysteresis comparators. The output of the torque hysteresis comparator is denoted as hTe, the output
f the flux hysteresis comparator as hf and the flux linkage sector is denoted as θ. The output of hysteresis controllers
as two values, 0 and 1. The digital output of the flux hysteresis controllers is either zero or one. Output 0 means that
he actual value is above the reference value and out of the hysteresis limit and output = 1 means that the actual value
s below the reference value and out of the hysteresis limit. The Simulink block diagram of the hysteresis controller is
hown in Fig. 3.
Eqs. (8) and (9) represent the hysteresis band limits for the flux tables and Eqs. (10)–(12) represent the three levels
ysteresis bands of the torque tables (Gaeid et al., 2009):
hf =  0 for F  <  Fref +  hf (8)
hf =  1 for F  <  Fref −  hf (9)
hTe =  1 for Te <  Tref −  hTe (10)
Terr =  0 for Te =  Tref (11)
hTe =  −1 for Te <  Tref +  hTe (12)
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Fig. 3. Simulink block diagram of the hysteresis controller.
Table 1
Switching table for DTC inverter.
hf hTe θ (stator flux position)
θ(1) θ(2) θ(3) θ(4) θ(5) θ(6)
hf = 1 hTe = 1 V2(110) V3(010) V4(011) V5(001) V6(101) V1(100)
hTe = 0 V7(111) V0(000) V7(111) V0(000) V7(111) V0(000)
hTe = −1 V6(101) V1(100) V2(110) V3(010) V4(011) V5(001)
hf = 0 hTe = 1 V3(010) V4(011) V5(001) V6(101) V1(100) V2(110)
hTe = 0 V0(000) V7(111) V0(000) V7(111) V0(000) V7(111)
hTe = −1 V5(001) V6(101) V1(100) V2(110) V3(010) V4(011)
Table 2
Sector determination.
Sector 1 2 3 4 5 6θ −30 ≤ θ < 30 30 ≤ θ < 90 90 ≤ θ < 150 150 ≤ θ < 210 210 ≤ θ < 270 270 ≤ θ < 330
θ: stator flux position sector.
2.1.4.  Switching  table
To determine the proper voltage vectors, information from the torque and flux hysteresis outputs, as well as stator
flux vector position, are required. The switching table for controlling both the amplitude and rotating direction of the
stator flux linkage is given in Table 1 (Manuel and Francis, 2013).
2.1.5. Sector  determination
As mentioned previously, the space vector plane is divided into six regions; each sector occupies 60◦. The sector
determination is summarized in Table 2.
The Simulink block diagram which represents sector determination is shown in Fig. 4.
3.  DTC  drive  system  results  and  comments
Fig. 5 shows the stator flux response at reference value 0.4 Wb, Fig. 6 shows the flux trajectory at the same state,
Fig. 7 shows the stator flux components (Fds, Fqs), Fig. 8 shows the stator flux position and Figs. 9 and 10 show the
stator currents in d-q and abc frame.
3.1.  Different  cycles  for  reference  torque  trajectoryThe response of the DTC Drive system at different reference torque is studied as shown in Fig. 11 with the actual
torque when the reference value is unit step between 10 and 20 N m; Fig. 12 shows the actual torque when the reference
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Fig. 4. Simulink block diagram of sector determination.
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Fig. 5. Actual flux at reference value = 0.4 Wb.
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Fig. 6. Stator flux components (yds, yqs).
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Fig. 7. Flux trajectory (Fds, Fqs) at reference value = 0.4 Wb.
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Fig. 8. Stator flux position.
value is repeating sequence between 15 to −15 N m, in Fig. 13 it is between 25 and −25 N m and for Fig. 14 it is for
Sine wave.
3.2.  Different  cycles  for  reference  speed  trajectoryThe response of the DTC drive system at different reference speed is studied as shown in Fig. 15, which shows the
response for drive system due to sine wave with amplitude 100 rad/s, and Fig. 16 when the reference value is repeating
sequence from −30 to 30 N m.
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Fig. 9. Stator current components in stator reference frame.
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Fig. 10. Stator current for three phases.
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Fig. 11. Actual torque and reference torque at unit step 10–20 N m.
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Fig. 12. Actual torque and reference torque from 15 to −15 N m.
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Fig. 13. Actual torque and reference torque from 25 to −25 N m.
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4.  Proposed  intelligent  modeling  system  for  induction  motor  drive
A fuzzy logic approach may help to detect induction motor faults. Fuzzy logic is reminiscent of human thinking
process and natural language enabling decisions to be made based on vague information. In this case the stator current
(Ia, Ib, Ic) and time are considered input variables to the fuzzy system as shown in Fig. 17. The motor condition (MC)
is output variable for fault detection and type of fault (TF) for fault diagnosis.
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Fig. 15. Actual speed and reference value at Sine wave amplitude 100 rad/s.
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Fig. 16. Actual speed and reference value at repeating sequence.
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.1.  Faults  detection  for  induction  motor  drive  system
The input variables are interpreted as linguistic variables: for stator currents {Zero (Z), Small (S), Medium (M),
ig (B)}, scaled (times by 6 Irated) and for time {Short Duration (Sd) and Long Duration (Ld)}; the time factor is
ery important to predict the faults which can happen in the induction motor because after long duration the motor
an be damaged so it is useful to increase the durability of the motor, detect faults quickly and protect the motor.
imilarly the output variable motor condition (MC) is interpreted as linguistic variables, with {Good (G), Damaged
D), and Seriously Damaged (SD)}. The membership functions for input (Stator Current and Time) and output variables
Condition of Motor) are shown in Fig. 18 (Saravana Kumar and Ray, 2009).
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Fig. 18. Membership functions for motor (Ia, Ib, Ic) [scaled (time by 6 Irated)], membership functions for (time in min) and memberships for outputs
from FLS.
Table 3
Identification results using fuzzy logic.
Motor condition Range
Good 70–100
Damaged 25–75
Seriously Damaged 0–30
Fuzzy rules and membership functions are constructed by observing the data set. There are 20 if-then rules used as
shown below sampling for them and result in Table 3. An efficient fast detection and diagnosis of different faults for
fast response to take the suitable corrective action are very important so as to study time in the inputs.
1. If (Ia is S) and (Ib is S) and (Ic is M) and (time is Sd) then (CM is G).
2. If (Ia is S) and (Ib is M) and (Ic is M) and (time is Ld) then (CM is D).
3. If (Ia is M) and (Ib is S) and (Ic is M) and (time is Ld) then (CM is D).
4. If (Ia is M) and (Ib is M) and (Ic is M) then (CM is G).
5. If (Ia is S) and (Ib is S) and (Ic is S) then (CM is G).
6. If (Ia is S) and (Ib is M) and (Ic is S) and (time is Ld) then (CM is D).
7. If (Ia is S) and (Ib is S) and (Ic is M) and (time is Sd) then (MC is G).
8. If (Ia is S) and (Ib is M) and (Ic is M) and (time is Ld) then (MC is D).
4.2.  Faults  diagnosis  for  induction  motor  drive  system
The main function of fuzzy logic fault diagnosis consists of three inputs stator currents (Ia, Ib, Ic) and one output
which is the fault type (Shuraiji, 2010; Patil et al., 2012). The variables are classified in regions with {Zero (Z), Small
(S), Medium (M), Big (B) and Very Big (VB)}  for stator current scaled (times by 6 Irated) and Type of faults is
determined according to the faults that motor faced such as: Major Faults (Open Phase, Broken Rotor Bar), Critically
Damaged Fault (Over Voltage), Moderate Faults (Unbalanced Voltage, Under Voltage, Ground, Turn-To-Turn), Minor
Faults (Over Load, Bearing) and (Good) for healthy condition as shown in Fig. 19.
5.  Simulation  resultsThis paper studies the simulation of the three phase induction motor drive by using Matlab/Simulink without faults
(healthy drive) and under faults (faulty drive).
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Fig. 19. Memberships for inputs and outputs for FLS.
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Fig. 20. Stator currents of healthy induction motor (normal operation).
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Fig. 21. Motor condition for healthy motor (good).
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.1.  Healthy  drive  motor
The motor condition of the motor is good with parameters in m-file in the program; Figs. 20–22 show the stator
urrents and state of motor.
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Fig. 23. Stator current vs time under faulty motor (open phase).
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Fig. 24. Motor condition for faulty motor (seriously damaged).
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5.2.  Faulty  drive  motor
5.2.1.  Open  phase  fault
The motor condition of detected fuzzy logic is 14% (Seriously Damaged) and this fault can be considered as major
fault as shown in Figs. 23–25.
5.2.2. Unbalanced  voltage
The motor condition is seriously damaged and this simulation of induction motor with voltage unbalance can be
simulated by simply varying the voltage magnitude in any one of the phase; the stator currents, motor condition and
type of fault (moderate fault) are shown in Figs. 26–28.
5.2.3. Over  load  fault
The motor condition is damaged and this simulation of induction motor with increase in the mechanical torque on
the motor by changing TL value in simulation, the stator currents and motor condition are shown in Figs. 29–31.
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Fig. 26. Stator currents of induction motor (unbalanced voltage).
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Fig. 27. Motor condition for faulty motor (seriously damaged).
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Fig. 28. Type of fault vs time under unbalanced voltage fault.
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Fig. 29. Stator currents of induction motor.
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Fig. 30. Motor condition (over load).
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Fig. 31. Type of fault vs time under over load condition.
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Fig. 32. Stator currents of induction motor.
5.2.4.  Over  voltage  fault
When the voltage increased by 20% in all the three phases, the drive system is good and considered as minor fault
but when it increased by 40% it will cause damage (Figs. 32–34).
5.2.5. Under  voltage  fault
When the voltage decreased by 20% in all the three phases the drive system is good and considered as moderate
fault but when it increased with 40% it will cause damage.
So studying the simulation of the induction motor model by using the Matlab/Simulink under the Healthy Operation
and Faulty Operation helps us to build our proposed fuzzy model for data collections (Figs. 35–37).
6.  Experimental  set-upThe structure of fuzzy detection and diagnosis is shown in Figs. 38–40. The stator currents and the time are the
inputs for the fuzzy system to detect faults as fast as possible to overcome any breakdown for induction motors (Zeng
and Wang, 1991; Chow et al., 1998).
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Fig. 33. Motor condition (over voltage).
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Fig. 34. Type of fault vs time under over voltage condition.
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Fig. 35. Stator currents of induction motor.
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The built-in block set of induction motor has been employed for the purpose of study. Simulink model is cat-
gorized into different categories like Induction  Motor  Drive  with  Power  Supply,  Dc  generator,  inverter  (variable
peed drive),  data  acquisition  system,  FIS,  RMS  to  DC  conversion, Fault  detection  and  diagnosis  fault  (type  of  type)
y using  Matlab  interference. The stator current of the induction motor is in AC form; it is necessary to convert it
nto DC.
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Fig. 37. Type of fault vs time under voltage condition.
Fig. 38. Motor condition status.
Fig. 39. Simulink model for motor condition and type of fault.Fig. 40. Laboratory test set-up for a 3-HP induction motor data acquisition system.
The simulation used 10 HP to make a complete drive system but in experimental it used 3 HP to verify that the
fuzzy inference system can be used for any type of induction motor to detect and diagnose faults by entering only the
rated current for motor from nameplate and studying the induction motor (3 HP, 2.2 kW, 220/380 Yv, 8.7/5 A, 50 Hz)
under healthy operation and faulty operation. The results of the experimental are the same as that presented in Table 4
due to the simulation.
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Table 4
Data used for fuzzy model.
The state Stator currents Supply voltage Motor condition (MC) Type of fault (TF)
IA IB IC VA VB VC
Healthy
No-load 0.84Ir 0.84Ir 0.84Ir 1Vr 1Vr 1Vr G G
Load 1.36Ir 1.36Ir 1.36Ir 1Vr 1Vr 1Vr G G
Open phase (Ras * 1000) 0 1.1Ir 1.1Ir 1Vr 1Vr 1Vr SD Major
Unbalance voltage 4%
No-load 6.6Ir 2.2Ir 2.2Ir 1.04Vr 1Vr 1Vr SD Moderate
Full load 7.3Ir 2.2Ir 2.2Ir 1.04Vr 1Vr 1Vr SD Moderate
Over load 2.2Ir 2.2Ir 2.2Ir 1Vr 1Vr 1Vr D Minor
Under voltage
Case 1 0.8Ir 0.8Ir 0.8Ir 0.8Vr 0.8Vr 0.8Vr G Good
Case 2 0.6Ir 0.6Ir 0.6Ir 0.6Vr 0.6Vr 0.6Vr D Critically Damage
Over voltage
Case l 1.2Ir 1.2Ir 1.2Ir 1.2Vr 1.2Vr 1.2Vr G Good
Case 2 1.4Ir 1.4Ir 1.4Ir 1.4Vr 1.4Vr 1.4Vr D Critically Damage
* Units in p.u., G: Good, D: Damage, SD: Seriously Damage.
* These faults detected after the transient period.
Fig. 41. Stator currents vs time reading directly from data acquisition system.
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.1.  Normal  operation  mode
Fig. 41 shows the motor stator currents. While simulating the induction motor, when the rated voltage was applied
nd initially no mechanical load was applied, it is observed that the motor draws high starting current. From these
esults it can be concluded that after the transient period is over, the health of the motor appeared to be (Good) as in
ig. 42 and type of fault is Good as in Fig. 43.
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Fig. 43. Type of fault vs time, good after transient period.
Fig. 44. Stator currents vs time reading directly from data acquisition system.
Fig. 45. Motor condition vs time under unbalanced voltage condition.Fig. 46. Type of fault vs time, moderate fault after transient period.
6.2.  Unbalanced  input  voltage
The simulation of unbalance in voltage can be created by simply varying the voltage magnitude in any one of the
phases and no other parameter needs to be changed. In this case the rated voltage in phase was reduced to create
unbalance in the inputs as shown in Figs. 44–46.
6.3.  Open  phase  fault
In this case after normal start-up phase (a) was open circuited and the corresponding results obtained are shown in
Figs. 47–49; so after the transient period the Motor Condition goes to state of (Open Phase) and then (damage). This
is of immense practical use as motor can be protected from the total damage and hence the complete breakdown of
machine.
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Fig. 47. Stator currents vs time reading directly from data acquisition system.
Fig. 48. Motor condition vs time under open phase operation.
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.  Conclusion
An intelligent fault detection and diagnosis modeling system for different faults of induction motor drive system
IMDS) has been proposed. A fuzzy modeling system has been introduced as the adopted technique, either in detection
r diagnosis process. The stator currents and the time have been introduced as inputs to the fuzzy identifier. The TIME
as been introduced as a new parameter for early prediction of different faults. The proposed modeling system can
e applied in real systems such as: Electric Vehicle and Sub-Way Metro, as a part of monitoring system in the driver
abinet. This proposed system can be applied in any induction motor drive system after feeding the model with the
ated currents and nameplate data of the drive system. Experimental work has been carried out to verify the efficiency
f the proposed intelligent technique for faults detection and diagnosis for the adopted driving cycles; a matching
etween the simulated and experimental results has been reached.
ppendix.
Squirrel cage induction motor (SCIM) parameters: 10 HP, 220 V, 60 Hz, 3-phase, 3 pair of poles, Squirrel cage type
M, Rs = 0.288 , Ls = 0.0425 mH, Rr = 0.158 , Lr = 0.0418 mH, Lm = 0.0412 mH, J = 0.4 kg m2.
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